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This  paper  discusses  about  winding  arrangement  of  fractional  slot  of  a  new 
type  hollow  rotor  Brushless  Direct  Current  (BLDC)  motor.  Hollow  rotor  has 
higher  performance  compared  to  other  BLDC  motor  because  it  minimizes  the 
unused  flux  below  permanent  magnet  and  maximize  torque  produce  by  the 
motor.  It’s  also  known  that  8  pole  motor  is  favorite  used  in  industrial  because 
it  has  an  optimum  space  of  permanent  magnet  for  a  smaller  motor  size.  The 
number  of  pole  will  affect  the  maximum  speed  of  the  rotor.  Thus,  the 
objective  of  this  research  is  to  investigate  the  best  winding  arrangement  for  8 
pole  of  hollow  rotor  that  could  produce  the  highest  electromagnetic 
performance.  At  starts,  four  combinations  of  slot  number  and  coil  sizes  had 
been  selected.  Structural  comparison  in  term  of  coil  vector  and  winding 
arrangement  is  studied.  Einite  Element  Method  (EEM)  had  been  used  to 
simulate  the  parameters  such  as  backemf  and  torque  waveforms.  It  was 
convinced  that  9  slot  8  pole  with  0.6  size  of  coil  produces  the  best 
performance.  The  confirmed  model  had  been  fabricated  and  measured.  Both 
results  from  EEM  and  measurement  are  compared  in  term  of  backemf  and 
torque  where  percentage  differences  are  7.4  %  and  8  %,  respectively.  As 
conclusion,  this  research  shows  the  fundamental  of  winding  arrangement  of 
fractional  slot  of  motor  especially  8  pole  motor. 
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1.  INTRODUCTION 

The  Brushlesss  Direct  Current  (BLDC)  motor  is  widely  used  in  applications  including  appliances, 
automotive,  aerospace,  consumer,  medical,  automated  industrial  equipment  and  instrumentation.  The  BLDC 
motor  is  electrically  commutated  by  power  switches  instead  of  brushes.  Compared  with  a  brushed  DC  motor 
or  an  induction  motor,  the  BLDC  motor  has  many  advantages  such  as  higher  efficiency  and  reliability,  lower 
acoustic  noise,  smaller  and  lighter,  greater  dynamic  response,  better  speed  versus  torque  characteristics, 
higher  speed  range  and  longer  life.  For  instance,  they  own  the  highest  torque  density  and  efficiency  among 
all  types  of  motors.  Moreover,  thanks  to  their  flux  weakening  capability,  interior  BLDC  allow  wide  speed 
operation  with  constant  power  making  them  suitable  for  traction  and  transportation  systems  [1].  It  is  very 
important  to  pay  high  attention  on  combination  of  pole  and  slot  numbers.  Taeyong  Yoon  studied  about 
magnetically  induced  vibration  in  a  permanent-magnet  BLDC  with  symmetric  pole-slot  configuration  [2]. 
The  author  reports  a  numerical  and  experimental  study  of  magnetically  induced  vibration  associated  with 
rotor  and  stator  eccentricity  and  imperfect  magnetization  for  8-pole  6-slot  symmetric  BLDC  motors.  The 
results  show  that  there  is  an  optimal  slot  angle  for  minimum  cogging  torque,  but  this  slot  angle  is  not  optimal 
for  reducing  magnetic  forces.  Many  literatures  has  presented  improvement  methods  for  the  reduction  of 
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cogging  torque  and  torque  ripple,  such  as  the  optimization  of  the  tooth  shape,  magnet  pole  angle, 
combination  of  pole  and  slot  numbers  [3-4]. 

Additionally,  an  analysis  process  for  predicting  the  vibration  of  motor  and  an  experiment 
verification  method  also  had  been  introduced.  The  validation  of  the  analysis  methods  on  the  vibration  in  this 
paper  is  verified  by  the  experiment  as  well  as  the  effect  of  radial  force  (normal  local  force.  Zhu  et.  al  presents 
about  influence  of  slot  and  pole  number  combinations  on  unbalanced  magnetic  force  (UMF)  in  permanent 
magnet  machine  [5].  The  author  investigates  the  influence  of  slot  and  pole  number  combinations  on  the 
UMF.  UMF  may  be  divided  into  two  components  due  to  the  radial  and  tangential  traveling  force  waves. 
Jafari  et.al  has  been  concerned  about  three-dimensional  finite-element-model  investigation  of  axial-flux 
permanent  magnet  BLDC  machines  with  similar  pole  and  slot  combination  for  electric  vehicles  [6].  The 
author  investigates  performance  of  axial-flux  surface  mounted  permanent  magnet  BLDC  machines  with 
concentrated  windings,  considering  a  comparative  study  between  two  topologies  with  similar  slot  number 
and  pole  number:  a  9  slot/10  pole  machine  (slot  number  and  pole  number  differ  by  1)  and  a  12  slot/10  pole 
machine  (slot  number  and  pole  number  differ  by  2). 

Cogging  torque,  winding  inductance,  output  torque,  and  unbalanced  torque  exerted  on  bearing  are 
obtained  for  the  two  3.4  kW  motors  [6].  Sung  et.  al  studies  about  flux  fluctuations  in  rotor  core  according  to 
pole  and  slot  combination  [7].  In  some  pole-slot  combinations,  the  rotor's  core  loss  is  too  important  to  be 
neglected  because  of  high  flux  fluctuation  in  rotor  core.  The  major  reasons  for  the  flux  fluctuations  of  rotor 
are  the  pole-slot  number  combination,  and  the  shapes  of  teeth  and  poles  in  the  air-gap  [8-9].  Mostafa  et.  al 
studies  about  influence  of  pole  and  slot  combinations  on  magnetic  forces  and  vibration  in  low-speed  BLDC 
wind  generators  [10].  BLDC  machines  with  concentrated  windings  could  be  beneficial  in  direct-drive  wind 
generators  since  it  is  possible  to  reduce  the  size  and  weight  of  the  generator  [10].  The  BLDC  machines  with 
concentrated  windings  having  a  large  number  of  poles  are  compared  to  investigate  the  effect  of  pole  and  slot 
combinations  on  force  and  vibration  characteristics  in  low  speed  generators.  The  BLDC  machines  with 
concentrated  windings  are  becoming  attractive  in  several  applications  [11] -[16].  They  have  several 
advantages  over  traditional  BLDC  machines  with  distributed  windings  such  as  short  end-windings,  low 
cogging  torque,  and  lower  cost  module  level  manufacturing  [17],  [18].  It  has  been  recognized  in  [19] -[22] 
that  vibration  level  of  modular  machines  can  be  considerably  higher  than  traditional  machines.  This  is  mainly 
due  to  the  presence  of  the  low  harmonic  orders  in  the  radial  magnetic  force  distribution.  Specific  dimensional 
characteristics  of  the  BLDC  machines  with  high  number  of  poles  should  also  be  considered  from  a  vibration 
perspective.  In  the  case  of  hollow  rotor  BLDC  motor,  there  is  still  limited  publication  that  discussed  the 
winding  arrangement  especially  for  8  pole  rotor.  Furthermore,  hollow  rotor  motor  for  this  research  studies  is 
considered  as  small  motor  size  (40  mm  diameter).  Thus,  this  paper  studies  about  the  winding  arrangement  of 
small  size  hollow  rotor  BLDC  motor.  Hollow  rotor  topology  could  maximize  the  contribution  of  flux  from 
permanent  magnet  and  eliminate  unused  flux  which  limit  the  performance  of  standard  spoke  type  BLDC 
motor  [23] -[24].  As  conclusion,  this  research  shows  the  fundamental  of  winding  arrangement  of  fractional 
slot  of  motor  especially  8  pole  motor. 


2.  BASIC  STRUCTURE 

The  basic  structure  of  conventional  BLDC  motor  is  shown  in  Figure  1  (a).  Rotor  is  covered  by 
silicon  steel  material,  it  will  influence  flux  of  permanent  magnet  to  pass  through  the  area  below  the 
ferromagnetic  material.  As  a  result,  there  is  more  leakage  flux  circling  at  the  end  of  the  permanent  magnet  as 
shown  in  Figure  1  (c).  To  reduce  leakage  at  the  end  of  permanent  magnet,  area  below  rotor  is  changed  to 
hollow  rotor  as  shown  in  Figure  1  (b).  The  arrangement  of  magnet  in  a  hollow  rotor  is  different  with  other 
BLDC  motor  where  magnet  is  arranged  to  maximally  reduce  leakage  flux.  Hollow  which  consists  of  an  air, 
has  higher  reluctance,  thus  channeling  all  flux  to  the  nearest  ferromagnetic  material.  In  a  hollow  rotor  spoke 
type  BLDC  motor,  all  flux  will  go  around  stator  where  it  will  maximize  the  usage  of  flux  in  the  motor.  Figure 
1  (d)  shows  generated  flux  for  hollow-rotor  BLDC  motor.  Hollow  which  consists  of  an  air,  has  higher 
reluctance,  thus  channeling  all  flux  to  the  nearest  ferromagnetic  material.  In  a  hollow  rotor  spoke  type  BLDC 
motor,  all  flux  will  go  around  stator  where  it  will  maximize  the  usage  of  flux  in  the  motor. 

Table  1  shows  basic  structure  configuration  for  all  combination  and  magnetic  flux.  Slot  and  pole 
parameter  for  each  design  is  tabulated  in  Table  2.  Each  structure  has  the  same  value  of  rotor  inner  diameter, 
rl,  rotor  outer  diameter,  r2,  stator  inner  diameter,  r3,  stator  outer  diameter,  r4,  stator  tooth  height,  si,  stator 
width  height,  s2,  air  gap,  ag,  and  permanent  magnet  volume  which  are  20  mm,  24.8  mm,  47  mm,  50  mm,  3 
mm,  1.5  mm,  0.2,  and  320  mm2,  respectively.  Pole  for  each  design  is  8.  The  different  between  each  design  is 
only  slot  number.  Varied  parameter  for  each  design  is  the  number  of  turn  and  current  where  the  number  of 
turn  is  varied  from  18  to  50  while  current  is  varied  from  2  A  to  10  A.  Flux  lines  for  all  design  is  tabulated 
from  0  T  to  2  T  which  is  maximum  value.  All  the  flux  for  all  design  is  recorded  during  backemf 


Int  J  Pow  Elec  &  Dri  Syst,  Vol.  9,  No.  3,  September  2018  :  933  -  946 


Int  J  Pow  Elec  &  Dri  Syst 


ISSN:  2088-8694 


n  935 


investigation.  For  all  combination,  flux  value  at  stator  is  below  2  T.  Besides  flux  lines,  flux  density  for  all 
slot  combination  is  also  recorded  in  Table  1.  It  can  be  seen  that  flux  move  from  north  pole  of  magnet  towards 
air  gap,  up  to  stator  and  back  to  south  pole. 
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Figure  1 .  Hollow  rotor  topology 
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Table  1.  Basic  structure  configuration  and  magnetic  flux 


Basic  structure  &dimension 
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Table  2.  Slot  and  pole  configuration 


Fixed  parameter 


Parameters 

6  slot  8  pole 

9  slot  8  pole 

12  slot  8  pole 

15  slot  8  pole 

Rotor  inner  diameter,  r\ 

[mm] 

20 

20 

20 

20 

Rotor  outer  diameter,  r2 

[mm] 

24.8 

24.8 

24.8 

24.8 

Stator  inner  diameter,  r3 

[mm] 

47 

47 

47 

47 

Stator  outer  diameter,  n 

[mm] 

50 

50 

50 

50 

Stator  tooth  height,  Si 

[mm] 

3 

3 

3 

3 

Stator  width  height,  S2 

[mm] 

1.5 

1.5 

1.5 

1.5 

Air  gap,  ag 

[mm] 

0.2 

0.2 

0.2 

0.2 

Magnet  volume 

[mm^] 

320 

320 

320 

320 

Varied  parameter 

Number  of  turn,  N 

10,  18,  30,  50 

Current,  I 

[A] 

2,  4,  6,  8,  10 
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3.  WINDING  ARRANGEMENT 

3.1.  Pitch  factor  and  distribution  factor  in  motor  windings 

For  fractional  slot  and  pole  number  motors,  the  slot  pitch,  and  pole  pitch,  are  generally  given 
by  equation  (1)  and  equation  (2)  where  n  is  odd  harmonics  orders  due  to  symmetrical  permanent  magnet 
distribution  in  the  airgap  region.  Referring  to  Figure  2  (a),  taking  6  slot  8  pole  as  an  example,  the  coil  is  short 
chorded  by  a  pitch  angle  Up  as  in  equation  (3)  where  Ns  is  number  of  slot  and  P  is  pole  of  motor  [25].  The 
pitch  factor  and  distribution  factor  can  be  calculated  using  Z.  Q.  Zhu,  M.  S.  Ahmad  and  I.  Dahaman  method 
[26] -[29]  as  shown  below. 
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Figure  2.  Pitch  factors  in  6  slot/8  pole  motor,  (a)  single  coil  on  stator  tooth  and  pitch  angle  (b)  induced  emfs 

in  both  sides  of  a  coil 


Both  sides  of  the  coil  will  have  an  induced  backemf,  but  because  their  angle  is  not  zero,  the  backemf 
E\  and  E2  are  added  vectorially  to  yield  the  coil  backemf  Er,  whose  magnitude  is  influenced  by  the  pitch 
factor,  defined  as  the  ratio  of  the  resultant  vector,  Er  to  the  algebraic  sum  of  the  individual  vectors  Ei  and  E2 
as  shown  in  Figure  2  (b).  Therefore,  the  pitch  factor,  Kpn  for  6  slot  8  pole  is  given  by  equation  (4); 


Kpn  =  COSI 


nlTT 

N, 


^  .  2  nPTV  .  2  ^ 

=  -2  sm - sm  — 

IN,  4 


(4) 


For  6  slot  8  pole  motor,  each  phase  winding  has  2  coil  connected  in  series.  Individually,  each  coil 
produces  backemf  vector  as  shown  in  Figure  3  (a).  The  combination  of  both  coils  to  form  phase  winding 
which  leads  to  highest  distribution  factor,  ^dn  will  be  chosen.  Figure  3  (b)  and  Figure  3  (c)  shows  selection  of 
coil  per  phase  and  derivation  of  distribution  factor,  respectively.  The  equation  can  be  described  as  shown  in 
equation  (5)  to  (13). 


FI  F2 


Figure  3.  Coil  emf  vector  and  selection  of  coils  per  phase  in  6  slot  8  pole  motor,  (a)  mmf  vectors  for  each  coil 
wound  around  stator  teeth  in  mechanical  degree  (b)  Selection  of  coils  for  each  phase  in  electrical  degree  (c) 

Derivation  of  distribution  factors 
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Distribution  angle: 

np27r 


ad  =  71  -- 


(5) 


Resultant  emf  vector  per  phase: 

Fr  =  Fi+F^ 

The  distribution  factor  for  6  slot  8  pole,  ^dn  can  be  shown  as: 
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Hence,  the  winding  factor  ^dpn  for  6  slot  8  pole  is  the  product  of  the  pitch  factor  and  distribution  factor  such 
that: 


^dpn 
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(13) 


Similar  approach  and  method  can  be  used  for  9  slot  8  pole  and  12  slot  8  pole  motor.  For  9  slot  8 
pole,  each  winding  consists  of  three  coils  connected  in  series.  Figure  4  (a)  shows  how  individual  coils  are 
selected  to  form  the  phase  winding  while  Figure  4  (b)  shows  selection  of  coil  for  each  phase.  Coil  3,  8  and  4 
are  selected  to  form  phase  A  windings.  Polarities  for  the  connection  of  coil  3  and  4,  however  have  to  be 
reversed  in  order  to  generate  maximum  backemf.  Figure  4  (c)  shows  derivation  of  distribution  factors.  The 
resultant  emf  vector  per  phase  is  given  by  equation  (14): 

Derivation  of  distribution  factors  for  9  slot  8  pole: 


Fr  —  F^  +  F^  —  Tg  +  2F ^  cosa d 


(14) 


The  derivation  factor  can  be  derived  as  equation  (15)  and  (17): 


^8 
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Figure  4.  Coil  emf  vector  and  selection  of  coils  per  phase  in  9  slot  8  pole  motor,  (a)  mmf  vectors  for  each  coil 
wound  around  stator  teeth  in  mechanical  degree  (b)  Selection  of  coils  for  each  phase  in  electrical  degree  (c) 

Derivation  of  distribution  factors 
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Hence  the  winding  factor  for  9  slot  8  pole  for  the  motor  is  given  by  equation  (18)  to  (20): 
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For  12  slot  8  pole,  each  phase  winding  has  4  coils  connected  in  series.  Individually,  each  coil 
produces  backemf  vector  as  shown  in  Figure  5  (a).  The  combination  of  both  coils  to  form  phase  winding 
which  leads  to  highest  distribution  factor,  ^dn  will  be  chosen.  Figure  5  (b)  and  Figure  5  (c)  shows  selection  of 
coil  per  phase  and  derivation  of  distribution  factor,  respectively.  The  derivation  factor  for  12  slot  8  pole  can 
be  derived  as  shown  in  equation  (21)  and  (23). 
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Figure  5.  Coil  emf  vector  and  selection  of  coils  per  phase  in  12  slot  8  pole  motor,  (a)  mmf  vectors  for  each 
coil  wound  around  stator  teeth  in  mechanical  degree  (b)  Selection  of  coils  for  each  phase  in  electrical  degree 

(c)  Derivation  of  distribution  factors 
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3.2.  Coil  Arrangement 

Table  3  shows  coil  vector  and  winding  arrangement  for  each  phase  which  is  separated  between 
dotted  line  for  all  hollow  rotor  slot  and  combination.  Each  arrangement  is  design  for  three  phase 
configuration.  For  6  slot  8  pole  each  phase  has  two  winding. 


Table  3.  Coil  vector  and  coil  arrangement 
Type  Coil  vector  Winding  arrangement 
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Each  phase  has  four  winding  respectively  which  are  C4,  C6,  CIO,  C13  for  phase  A,  C2,  C5,  C8,  Cll 
for  phase  B  and  C3,  C6,  C9,  C12  for  phase  C.  Last  configuration  is  for  15  slot  8  pole.  For  phase  A,  coil 
configuration  is  Cl,  C3,  C5,  C12,  C14,  while  phase  B  is  C2,  C4,  C6,  C8,  CIO  and  phase  C  is  C7,  C9,  Cll, 
Cl 3,  C15.  Phase  A,  B  and  C  winding  is  Cl  and  C4,  C3  and  C6,  C2  and  C5,  respectively.  Each  phase  coil 
configuration  is  shown  in  Table  4.  For  9  slot  8  pole,  each  phase  has  three  winding  which  is  Cl,  C2,  C3  for 
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phase  A,  whereas  C7,  C8,  C9  and  C4,  C5,  C6  for  phase  B  and  phase  C.  Next  coil  arrangement  is  for  12  slot  8 
pole. 


Table  4.  Coil  configuration  for  each  phase 


Phase 

6  slot  8  pole 

9  slot  8  pole 

12  slot  8  pole 

15  slot  8  pole 

A 

C1,C4 

Cr,C2,C3’ 

C4,  C6,C10,C13 

C1,C3’,C5,C12,C14’ 

B 

C3,  C6 

CT,  C8,  C9’ 

C2,  C5,C8,C11 

C2,  C4’,C6,  C8’,C10 

C 

C2,  C5 

C4’,  C5,  C6’ 

C3,  C6,  C9,  C12 

Cl,  C9’,C11,C13’,C15 

4.  PARAMETER  FOR  ANALYSIS 

This  research  is  aimed  to  study  the  best  possible  combination  of  slot  number  for  8  pole  hollow  rotor. 
The  general  methodology  is  shown  in  Figure  6  (a).  Firstly,  four  combination  of  slot  and  pole  is  selected 
which  are  6  slot  8  pole,  9  slot  8  pole,  12  slot  8  pole  and  15  slot  8  pole.  All  the  parameter  for  design  in  term  of 
rotor  inner  diameter,  n,  rotor  outer  diameter,  r2,  stator  inner  diameter,  rs,  stator  outer  diameter,  r4,  stator  tooth 
height.  Si  stator  width  height,  ^'2,  air  gap,  ag,  and  permanent  magnet  volume  is  fixed.  Only  winding 
arrangement  of  the  motor  is  different.  The  design  carried  out  by  using  computer  aided  software  (CAD) 
software.  Coil  vector  and  winding  arrangement  of  each  combination  is  properly  designed.  Analysis  parameter 
for  all  design  in  term  of  backemf,  stator  flux  density,  rotor  flux  density,  static  torque  and  transient  torque  is 
simulated  by  using  FEM  analysis.  During  backemf  analysis,  diameter  of  coil  is  varied  from  0.4  mm  to  1.0 
mm.  One  design  from  all  four  combination  will  be  choosen  and  fabricated  based  on  the  best  motor 
performance. 


I  Selection  of  slot  and  pole  combination  ] 


Design  of  selected  combination 

_ I _ 

Analysis  parameter  for  all  slot 
combination 


Selection  Result  for  Fabrication 


I  Verification  and  Measurement  Rcsult~| 


(a)  General  methodology 


I - X - 1 

Structure  Modeling  &  Development  of  Mesh  U 


Structure 

dimension 


Element  Calculation 


[  Declaration  of  material  and  configuration 


Parameter 

Changes  (Mesh,  Step 
time.  Stop  time) 


C 


Magnetic  Analysis 


(b)  Flowchart  FEM  modelling 


Figure  6.  Research  methodology 


The  Finite  Element  Method  (FEM)  starts  with  the  developing  of  the  structure  modelling  of  the 
electric  machine  as  shown  in  Figure  6  (b).  For  structure  modelling,  user  is  required  to  sketch  the  geometry  in 
(CAD)  and  imports  the  geometry  files  in  the  FEM  software.  Meshing  calculation  for  the  model  will  be 
carried  out  before  element  calculation  took  place.  It  requires  time  to  develop  the  model  depends  on  the  model 
structure.  When  mesh  development  is  completed,  system  will  start  element  calculation.  At  this  point,  all  the 
calculation  for  FEM  will  be  conducted.  After  that,  declaration  of  material  and  configuration  will  be  carried 
out.  During  this  stage,  setup  for  material  and  other  configuration  such  as  simulation  time,  air  gap  setting, 
motion  setup  and  boundaries  will  be  selected.  Magnetic  analysis  will  be  simulated  and  result  for  each 
analysis  will  be  recorded.  There  are  some  parameter  which  will  change  during  FEM  calculation. 


5.  INVESTIGATION  OF  SLOT  NUMBER  OF  8  POLE  HOLLOW  ROTOR 

Figure  7  shows  the  simulation  result  using  FEM  analysis  for  backemf.  Maximum  speed  for  the 
motor  is  fixed  for  1000  rpm.  Figure  7  (a)  is  result  of  backemf  for  6  slot  8  pole.  Maximum  backemf  is  6.08  V 
at  for  coil  size  of  0.4  mm  and  minimum  backemf  is  0.24  V  for  coil  size  of  1.0  mm.  Percentage  different 
between  each  coil  size  is  42  %.  Figure  7  (b)  is  the  result  of  backemf  for  9  slot  8  pole.  Maximum  backemf  is 


Int  J  Pow  Elec  &  Dri  Syst,  Vol.  9,  No.  3,  September  2018  :  933  -  946 


Int  J  Pow  Elec  &  Dri  Syst 


ISSN:  2088-8694 


□  941 


9.2  V  for  coil  size  of  0.4  mm  while  minimum  backemf  is  0.38  V  for  coil  size  of  1.0  mm.  Percentage  different 
between  each  point  is  40  %.  Figure  7  (c)  is  the  result  of  backemf  for  12  slot  8  pole.  Maximum  backemf  is 
12.12  V  for  coil  size  of  0.4  mm  while  minimum  backemf  is  0.48  V  for  coil  size  of  1.0  mm.  Percentage 
different  between  each  point  is  39  %.  Figure  7  (d)  is  the  result  of  backemf  for  15  slot  8  pole.  Maximum 
backemf  is  12.5  V  for  coil  size  0.4  of  mm  while  minimum  backemf  is  0.5  V  for  coil  size  of  1.0  mm. 
Percentage  different  between  each  point  is  40%.  There  are  some  changes  of  backemf  when  coil  size  is  change 
from  0.4  mm  to  1.0  mm.  Backemf  increase  linearly  with  the  increase  of  speed.  The  value  for  backemf  for  all 
design  at  speed  200  rpm  is  below  3  V.  Value  of  backemf  during  maximum  speed  1000  rpm  for  6  slot  8  pole 
is  more  than  6  V  while  maximum  value  for  design  9  slot  is  more  than  9  V.  The  design  of  12  slot  8  pole  and 
15  slot  8  pole  has  maximum  backemf  value  which  is  more  than  12  V. 


(a)  Backemf  for  6  slot  (b)  Backemf  for  9  slot  8 
8  pole  pole 


(c)  Backemf  for  12  slot  8  (d)  Backemf  for  15  slot  8 

pole  pole 


Figure  7.  Backemf  FEM  analysis 


For  all  design,  maximum  backemf  occur  when  coil  size  of  0.4  mm  is  used  while  minimum  backemf 
occur  when  coil  size  of  1.0  mm  is  used.  This  is  because,  smaller  diameter  coil  size  will  have  higher  number 
of  turn.  Figure  8  shows  maximum  torque  analysis  by  using  FEM.  All  torque  result  is  captured  at  speed  1000 
rpm  and  current  range  from  2  A  to  10  A.  Figure  8  (a)  is  maximum  torque  result  for  6  slot  8  pole.  Maximum 
torque  0.69  Nm  occur  for  current  10  A  when  coil  0.4  mm  is  used  while  minimum  torque  is  0.04  Nm  for 
current  2  A  of  coil  size  0.2  mm.  Minimum  torque  captured  during  0.4  mm  coil  used  is  0.21  Nm.  Percentage 
different  between  maximum  and  minimum  torque  at  this  point  is  69.5  %.  Figure  8  (b)  is  maximum  torque 
result  for  9  slot  8  pole.  Maximum  torque  appears  at  coil  size  1.16  Nm  while  minimum  torque  is  0.06  Nm  at 
coil  size  of  1.0  mm.  When  coil  0.4  mm  is  used,  minimum  torque  is  0.32  Nm. 


( 
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0.4  mm  \  A- 
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0  2  4  6  8  10  12 

Current.  /  [A] 


(a)  Maximum  torque  for 
6  slot  8  pole 


(b)  Maximum  torque  for 
9  slot  8  pole 


(c)  Maximum  torque  for 
12  slot  8  pole 


(d)  Maximum  torque  for 
15  slot  8  pole 


Figure  8.  Maximum  torque  FEM  analysis 


Percentage  different  for  torque  at  this  coil  size  is  72.4  %.  Figure  8  (c)  is  the  maximum  torque  result 
for  12  slot  8  pole.  Maximum  torque  for  this  design  is  1.74  Nm  for  coil  0.4  mm  while  minimum  torque  is  0.09 
Nm  for  1.0  mm  of  coil  size.  When  coil  0.4  mm  is  used,  minimum  torque  is  0.45  Nm.  Percentage  different  for 
torque  for  this  coil  size  is  74.1  %.  Figure  8  (d)  is  maximum  torque  result  for  15  slot  8  pole.  Maximum  torque 
is  1.49  Nm  at  coil  size  0.4  mm  while  minimum  torque  is  0.08  Nm  at  coil  size  1.0  mm.  When  coil  0.4  mm  is 
used,  minimum  torque  is  0.42  Nm.  Percentage  different  for  torque  for  this  coil  size  is  71.8  %.  All  slot  and 
pole  design  has  the  same  similarity  where  torque  increase  when  current  is  increased  while  torque  is  reduced 
when  coil  sized  used  is  higher.  At  surrounding  permanent  magnet  area  there  is  a  magnetic  field  and  this  gives 
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a  flow  of  magnetic  energy.  It  is  the  flow  of  energy  that  is  call  magnetic  flux.  Magnetic  flux  flows  from  north 
pole  of  a  permanent  magnet  to  its  south  pole.  Figure  9  shows  flux  density  for  stator  and  rotor.  At  this  point, 
current  is  applied  from  range  2  A  to  10  A.  The  flux  produce  include  magnetic  flux  from  permanent  magnet 
and  current.  The  flux  density  is  amount  of  flux  through  an  area  as  shown  in  equation  (17)  where  B  is  flux 
density,  (j)  is  flux  and  A  is  area  of  passing  flux. 


5  = 


t 

A 


[T] 


(17) 


Figure  9  is  result  of  stator  flux  density  for  all  slot  and  pole  combination  for  coil  diameter  range  from 
0.4  mm  to  1.0  mm.  Stator  flux  density  and  rotor  flux  density  is  defined  at  maximum  speed  1000  rpm.  Figure 
9  (a)  is  the  result  of  stator  flux  density  for  coil  diameter  size  of  0.4  mm.  The  highest  stator  flux  density  is 
1.98  T  for  12  slot  8  pole  design  while  minimum  stator  flux  density  is  1.01  T  for  9  slot  8  pole  winding 
arrangement.  The  stator  flux  density  for  12  slot  8  pole  and  15  slot  8  pole  arrangement  has  only  small  different 
of  flux  density  which  is  2.3  %.  Stator  flux  density  for  design  of  6  slot  8  pole  and  9  slot  8  pole  has  different  of 
2.1  %  for  current  of  4  A  to  10  A  while  at  2  A  the  different  is  32.5  %.  Figure  9  (b)  shows  rotor  flux  density  for 
coil  diameter  size  of  0.4  mm.  Maximum  flux  density  is  1.46  T  for  12  slot  8  pole  arrangement  while  minimum 
flux  density  for  rotor  is  0.75  T  for  6  slot  8  pole  arrangement.  The  12  slot  8  pole  and  9  slot  8  pole  arrangement 
has  the  most  nearest  value  of  flux  density  which  the  percentage  different  is  between  33.3  %  to  11.23  %. 
Figure  9  (c)  shows  stator  flux  density  for  coil  diameter  0.6  mm.  The  maximum  stator  flux  density  appears  for 
12  slot  8  pole  design  which  is  1.28  T  while  minimum  flux  density  is  1.19  T  for  9  slot  8  pole  arrangement.  For 
this  coil  size,  9  slot  8  pole  has  the  lowest  stator  flux  density  when  the  current  is  change  from  2  A  to  10  A 
where  the  maximum  flux  density  at  this  point  is  1.62  T.  Figure  9  (d)  shows  result  of  rotor  flux  density  for  all 
slot  and  pole  combination.  Result  for  rotor  flux  density  is  investigated  for  current  2  A  to  10  A  at  coil  size  0.6 
mm.  Maximum  rotor  flux  density  occur  at  current  10  A  for  design  15  slot  8  pole  which  is  1.15  T  while 
minimum  rotor  flux  density  is  0.58  T  at  current  6  A  for  6  slot  8  pole  design.  Rotor  flux  density  increase 
linearly  with  the  increase  of  current  for  all  design.  The  highest  rotor  flux  density  appear  for  12  slot  8  pole 
while  lowest  rotor  flux  density  occur  for  6  slot  8  pole  design. 

Figure  9  (e)  shows  stator  flux  density  for  coil  size  of  0.8  mm  where  maximum  flux  density  is  1.71  T 
for  15  slot  8  pole  and  12  slot  8  pole  arrangement.  Figure  9  (f)  shows  rotor  flux  density  result  for  coil  diameter 
size  of  0.8  mm.  The  maximum  flux  density  is  1.08  T  for  15  slot  8  pole  and  12  slot  8  pole  arrangement.  The 
minimum  rotor  flux  density  is  0.46  T  for  9  slot  8  pole  arrangement.  Figure  9  (g)  shows  stator  flux  density 
result  for  coil  size  of  1.0  mm.  The  maximum  stator  flux  density  is  2.07  T  for  15  slot  8  pole  combination 
while  minimum  stator  flux  density  is  0.95  T  for  9  slot  8  pole  arrangement.  It  can  be  seen  from  the  graph 
stator  flux  density  for  6  slot  8  pole  and  12  slot  8  pole  arrangement  has  only  small  different  which  is  less  than 
5  %.  Figure  9  (h)  shows  the  result  for  rotor  flux  density  when  1.0  mm  coil  size  is  used.  The  maximum  flux 
density  is  1.35  T  for  15  slot  8  pole  design  while  minimum  flux  density  is  0.35  for  9  slot  8  pole  arrangement. 
The  minimum  stator  flux  density  is  0.95  T  for  9  slot  8  pole  arrangement.  From  result  9  (a),  9  (c),  9  (e)  and  9 
(g),  it  can  be  seen  that  9  slot  8  pole  arrangement  has  the  lowest  stator  flux  density  which  makes  it  on  the  top 
reasonable  design  among  all  other  combination.  When  it  is  compared  to  rotor  flux  density,  9  slot  8  pole 
design  has  the  range  of  flux  density  below  1.5  T.  From  all  the  result  from  Figure  (8)  and  Figure  (9),  it  is 
concluded  that  coil  size  of  0.6  mm  is  the  best  coil  size  used  for  motor  prototype.  This  is  because,  when  bigger 
coil  size  is  used,  lower  torque  is  obtained  while  when  smaller  coil  size  is  used,  higher  flux  density  will  be 
produced.  This  will  lowered  the  motor  performance  where  higher  flux  density  will  bring  motor  performance 
to  be  saturated. 


(a)  Stator  flux  density  at 
0.4  mm 


(b)  Rotor  flux  density  for 
0 


(c)  Stator  flux  density  at 
0.6  mm 


(d)  Rotor  flux  density  for 
0.6  mm 
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(e)  Stator  flux  density  at 
0.8  mm 


(f)  Rotor  flux  density  for 
0.8  mm 


(g)  Stator  flux  density  at  (h)  Rotor  flux  density  for 
1.0  mm  1.0  mm 


Figure  9.  Flux  density 


6.  PROTOTYPE  AND  MEASUREMENT  SETUP 

Figure  10  (a)  and  Figure  10  (b)  is  structural  configuration  and  cross  sectional  view  of  hollow  rotor  BFDC 
motor.  The  prototypes  includes  stator,  rotor,  magnet  and  coil.  Figure  10  (c)  is  exploded  view  of  hollow  rotor. 
The  complete  prototype  is  shown  in  Figure  10  (d).  Casing  length,  ci,  casing  width,  Cw,  and  casing  height,  Ch  is 
set  to  50  mm,  50  mm  and  10  mm,  respectively.  Stator  and  rotor  is  made  from  laminated  steel.  The  fabricated 
hollow  rotor  is  9  slot  8  poles  with  the  winding  of  coil  diameter  size  0.6  mm.  The  heat  produce  by  coil  during 
motor  operation  will  be  dissipated  to  surrounding  air.  There  are  two  casing  used  which  will  cover  front  and 
back  of  the  motor.  To  fit  both  casing  with  the  stator,  four  set  of  screw  will  be  used  at  each  end  of  the  casing. 
Material  used  for  silicon  steel  is  standard  silicon  Jl:  50800,  permanent  magnet  is  Neodynium  Nd  42  and 
copper  for  coil.  Table  5  shows  hollow  rotor  specification  for  the  fabricated  motor.  Casing  length,  ci,  casing 
width,  Cw  and  casing  height,  Ch  is  50  mm,  50  mm  and  10  mm,  respectively.  Number  of  slot  and  pole  for  the 
for  the  fabricated  motor  is  9  slots  8  pole.  The  permanent  magnet  volume  is  320  mm.  Maximum  current  for 
hollow  rotor  operation  is  6  A.  Number  of  turn  set  for  each  winding  is  30.  Air  gap,  ag  is  0.5  mm. 


(a)  Structural 
configuration  of 
hollow  rotor 


Rotor 
Stator 

Magnet 

Coil 

(b)  Cross  sectional  view 


(c)  Exploded  view  of 
hollow  rotor 


(d)  Fabricated  motor 


Figure  10.  Prototype  of  hollow  rotor 


Table  5.  Hollow  rotor  specification 


Parameter 

Value 

Casing  length,  c\ 

[mm] 

50 

Casing  width,  Cw 

[mm] 

50 

Casing  height,  Ch 

[mm] 

10 

Number  of  slot 

9 

Number  of  pole 

8 

Permanent  magnet 

[mm^] 

320 

Maximum  current 

[A] 

6 

Num  of  turn 

[mm] 

30 

Air  gap, 

[mm] 

0.5 

6.1.  Measurement  setup 

Figure  1 1  (a)  shows  diagram  for  torque  and  speed  measurement  setup.  Speed  sensor  will  measure 
the  speed  in  rpm  which  will  be  shown  by  digital  speed  indicator.  Torque  sensor  is  connected  to  dynamic 
strain  amplifier  which  allows  the  data  to  be  presented  in  oscilloscope.  For  this  experiment,  a  BFDC  driver  is 
used  to  operate  hollow  rotor  BFDC  motor.  15  V  is  being  supply  to  the  BFDC  driver  to  trigging  the  switching 
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device  (MOSFET).  5  V  is  set  for  supplying  hall  effect  sensor,  meanwhile  the  motor  supply  is  set  for  12  V 
initially.  Then,  for  next  experiment  the  motor  supply  is  varied  to  24  V  and  48  V.  Three  phase  wye  connection 
is  set  to  BLDC  driver.  Powder  brake  is  connected  to  torque  sensor  shaft.  Other  power  supply  is  used  for 
powder  brake  with  0.5  V,  1.0  V,  1.5  V  and  2.0  V  to  provide  different  value  of  braking  torque.  Figure  11  (b) 
shows  measurement  setup  of  torque  and  speed  characteristic  in  the  laboratory. 


(a)  Torque  and  speed  measurement  setup 


(b)  Laboratory  setup 


Figure  1 1 .  Measurement  setup 


7.  VERIFICATION  RESULT 

Figure  12  shows  verification  of  hollow  rotor  by  using  FEM  simulation  and  measurement.  The 
current  is  fixed  6  A.  Figure  12  (a)  shows  hollow  rotor  back  emf  characteristic.  Maximum  back  emf  using 
FEM  is  5.4  V  while  measurement  result  is  5  V.  Percentage  different  is  7.4  %  between  simulation  and 
measurement.  For  the  measurement  of  back  emf,  a  constant  speed  of  1000  rpm  is  given  to  the  motor  for  the 
recording  purpose.  Only  phase  A  is  compared  for  FEM  simulation  and  measurement  because  all  the  three 
phases  have  the  same  pattern  but  with  different  phases.  Figure  12  (b)  shows  maximum  backemf  for 
measurement  and  FEM.  Maximum  speed  for  backemf  is  1000  rpm.  Minimum  backemf  at  200  rpm  during 
FEM  and  measurement  is  1.14  V  and  1.026  V,  respectively.  Meanwhile  maximum  backemf  is  5.54  V  and 
4.986  V  for  measuremet  and  FEM  at  1000  rpm.  Backemf  increase  linearly  with  speed.  Percentage  different 
between  FEM  and  measuremet  is  10  %.  Figure  12  (c)  shows  the  comparison  result  for  static  torque 
characteristic.  The  maximum  value  of  torque  during  measurement  is  0.31  Nm  while  the  maximum  value  of 
torque  using  FEM  simulation  is  0.39  Nm.  The  percentage  error  between  measurement  and  simulation  is 
about  8  %.  During  measurement  of  static  torque,  motor  will  be  in  static  position  where  motor  will  be  rotating 
without  the  use  of  any  driver.  Static  torque  is  compared  with  simulation  when  pure  DC  current  source  is 
given  in  phase  winding.  Dynamic  torque  is  shown  in  Figure  12  (d).  Maximum  dynamic  torque  from 
measurement  is  0.31  Nm  at  current  5.4  A,  while  from  FEM  is  0.34  Nm.  The  average  value  of  dynamic  torque 
from  FEM  compared  to  measurement  has  percentage  of  difference  is  4  %.  As  a  conclusion,  all  result  has 
good  agreement  between  simulation  and  measurement. 


(a)  Backemf  at  1000 
rpm 


(b)  Maximum  backemf 


(c)  Static  torque 


(d)  Transient  torque 


Figure  12.  Verification  result  of  hollow  rotor 
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Torque  ripple  measures  as  the  difference  in  maximum  torque  and  minimum  torque  over  average  torque  of 
one  revolution  as  shown  in  equation  (18). 

=  [%]  (18) 

^  ave 

Whereas,  Tmax  is  the  maximum  torque,  Trmn  is  the  minimum  torque  while  Tave  is  the  average  torque.  Basically, 
torque  ripple  is  generated  by  the  pulsation  of  the  cogging  torque,  the  variation  of  induction  with  the  rotor 
position,  and  the  interaction  between  the  magnet-motive  force  of  stator  and  the  magnetic  force  of  the 
permanent  magnet.  The  result  for  torque  ripple  is  tabulated  as  in  Table  6.  Tmax  during  measurement  is  0.31 
Nm  while  Tmax  during  FEM  is  0.34  Nm.  Trmn  during  measurement  is  0.23  Nm  while  Tmin  during  FEM  analysis 
is  0.22  Nm.  The  different  for  Tmin  during  measurement  and  FEM  is  4.3  %.  Tave  during  measurement  is  0.27 
Nm  while  Tave  during  FEM  is  0.28  Nm.  For  Tave,  both  result  has  3.5  %  differences.  Based  on  the  data,  Trippie  is 
calculated.  Trippie  during  measurement  is  29.6  %  while  Trippie  during  FEM  analysis  is  42.8  %.  For  torque 
ripple,  the  difference  between  measurement  and  FEM  is  30  %. 


Table  6.  Torque  ripple 


Type 

Tmax  [Nm] 

Tmin  [Nm] 

Tave  [Nm] 

Tipple  [%] 

Measurement 

0.31 

0.23 

^11 

29.6 

FEM 

0.34 

0.22 

0.28 

42.8 

8.  CONCLUSION 

In  this  paper,  winding  arrangement  of  new  type  hollow  rotor  had  been  discussed.  Hollow  rotor  has 
higher  performance  compared  to  other  BLDC  motor  design  because  it  minimize  the  unused  flux  below 
permanent  magnet  and  maximize  torque  produce  by  the  motor.  Four  winding  arrangement  is  selected  and 
design  process  for  hollow  rotor  is  carried  out  by  using  desired  parameter.  Structural  comparison  in  term  of 
coil  vector  and  winding  arrangement  is  analyzed  by  using  FEM.  Four  sizes  of  coil  diameter  had  been  selected 
in  order  to  select  the  best  coil  size.  9  slot  8  pole  design  with  0.6  mm  size  of  coil  diameter  is  selected  for 
fabrication.  Measurement  and  FEM  result  is  compared  in  term  of  backemf  and  torque  where  it  has  percentage 
differences  of  7.4%  and  8%,  respectively. 
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